Abstract-This letter presents a new frequency control strategy that takes advantage of communications and fast responding resources such as photovoltaic generation, energy storage, wind generation, and demand response, termed collectively as converter interfaced generators (CIGs). The proposed approach uses an active monitoring of power imbalances to rapidly redispatch CIGs. This approach differs from previously proposed frequency control schemes in that it employs feed-forward control based on a measured power imbalance rather than relying on a frequency measurement. Time-domain simulations of the full Western Electricity Coordinating Council system are conducted to demonstrate the effectiveness of the proposed method, showing improved performance.
I. INTRODUCTION

P
RIMARY frequency regulation or frequency response is the response a power system undergoes following a large power imbalance event [1] . Traditionally, the frequency response of a power system is determined by the combined effort provided by the governing action of individual generators. This action is driven by a feedback control loop that, based on local frequency measurements, adjusts the machine power output level [1] . The governor actuation is typically slow as it involves the movement of the large inertias of the synchronous machines [2] . Contrary to these slow acting dynamics of synchronous generation, converter interfaced generators (CIGs), such as photovoltaics or energy storage systems, can adjust power levels almost instantaneously.
This letter proposes a novel feed-forward control method to enable the participation of transmission-level CIGs in the primary frequency response of power systems. The proposed method redispatches CIGs according to a feed-forward command signal which is constructed through active monitoring of significant power imbalances in the system. Because power imbalances are predictive of frequency disturbances, this approach enables the system to respond before frequency deviations grow large. A communication infrastructure is necessary to implement this approach to monitor and communicate power imbalances from the place they occur to the actuating CIGs. Communication-based methods have been proposed before to help with power system frequency regulation but are usually based on frequency measurements [3] . The impact of distributed energy resources (DERs) on the bulk system and recent attempts to control them to improve system stability is described in [4] . Unlike remedial action schemes, CE-FAIR is not intended to respond to pre-determined system conditions with prescribed reactions; rather, the intent is for CIGs to dynamically supplement the system inertial response as significant power imbalances occur [5] .
II. DESCRIPTION OF CE-FAIR
The proposed control scheme is named Communication Enabled -Fast Acting Imbalance Reserve (CE-FAIR) and is explained as follows.
A. Implementation
The implementation of CE-FAIR in a centralized or hybrid approach can be observed in Fig. 1 and is explained as follows:
1) A power disturbance occurs in the system. The imbalance is detected through direct monitoring mechanisms in the system such as protection schemes in generators and/or indirect methods such as PMUs.
2) The monitoring system sends a power imbalance signal to a server or an aggregator. 3) Based on the knowledge of the system, the aggregator decides how much power each CIG should contribute to mitigate the power imbalance (see Section II-B below). The aggregator monitors the capabilities of controllable CIGs and keeps an updated state of the power system. 4) The server initiates communication with all the actuators predetermined to respond to the power imbalance.
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5) The CIGs start adjusting their power output as soon as they receive the message from the aggregator. The rate of adjustment in power is limited by the resource and the power electronics capabilities. Note that it is assumed that CIGs can provide upward capability because they may be operating in a deloaded condition.
B. Redispatch Determination
The redispatch of each CIG in CE-FAIR is explained in this section. Each CIG receives a power command to modify its power output as follows
where P imb is the power imbalance determined by the monitoring system. The proposed scheme is a feed-forward controller that employs a communication infrastructure to inform of a power imbalance. A key element in defining how much each CIG participates is K i F F , defined as
which is the feed-forward proportional gain of the ith CIG and is determined by how much power the ith CIG produces out of the total power production of all the CIGs. P j is the available power level of the jth device and η, the power compensation level, is defined as the fraction of the power imbalance that will be replaced by the CE-FAIR action. An η value of 1 implies that the CIGs will collectively adjust their power by as much as P imb . The computation of K i F F is done at the aggregator level (in the centralized implementation) and communicated to each CIG at the moment they are required to act. The time elapsed from the moment the event occurs and the moment a particular CIG starts responding is named T i F F and is critical for the performance of the proposed control scheme.
III. RESULTS AND DISCUSSION
An industry-developed model of the western North American Power System is used in this work to study the efficacy of the proposed control scheme in Section II. The model chosen is the Western Electricity Coordinating Council (WECC) heavy summer 2016 case which has 20910 buses, 3033 generators and a total generation of 178 GW. Around 40 GW of power being produced by conventional generators is replaced by a developed model for a CIG. In total, 216 conventional machines were substituted by CIGs for an additional penetration of ∼ 23% (the model already contains installations of wind and solar). The CIG model corresponds to a power dispatchable, controllable current source with a first-order approximation for the inverter. The disturbance for this analysis is the loss of the Columbia Generating Station (CGS) unit which is the largest generator in the Pacific Northwest. This corresponds to a loss of 1.15 GW occurring at 2 s. For this event, CE-FAIR was tested for η = 35% and 100%, and 5 different actuation latencies (T F F = 0, 0.25, 0.5, 1 and 2 s) which are kept the same for all CIGs in the system. Two additional cases, one where there are no CIGs in the show the frequency response of the system for the loss of the CGS unit for all the cases mentioned above. The effects of including CE-FAIR to the CIG of the system can be summarized as follows: (i) The proposed controller improves both the frequency nadir and the settling frequency of the system. (ii) Increases in the actuation latency are reflected in more pronounced frequency nadirs. The frequency response of the system when CE-FAIR is active is the same as in the no control case for time intervals below the actuation latency value. The communication latency must be less than the time to frequency nadir in order for the scheme to provide a benefit. (iii) Increases in η improve both the frequency nadir and the settling frequency. It should be highlighted that when η = 1, the settling frequency is higher than the nominal of 60 Hz. This result suggests that since the new generation brought online by CIGs is distributed (and on average closer to the loads), it experiences fewer losses than the power lost (which is centralized). However, this outcome is dependent on the nature of both the system and the event.
IV. CONCLUSIONS
A new frequency control strategy that takes advantage of communications and fast responding resources is proposed. The approach is based on monitoring power imbalances and informing, through a communication infrastructure, commanded power levels to CIGs in a feed-forward control fashion. Because the system relies on communications to redispatch the CIG, its performance may be impacted by time delays in the transfer of information. The efficacy of the proposed control scheme was demonstrated using simulation results for a model of the WECC.
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